Heavy metals Equilibrium Kinetics Thermodynamics a b s t r a c t A low-cost and easily obtainable Nigerian bentonite (UAB) was utilized for the removal of heavy metals (Nickel and Manganese) from a binary system. The bentonite was used without chemical modification in order to keep the process cost low. A Fourier transform infrared spectrum was utilized to determine the surface functional groups responsible for adsorption. Scanning electron microscopy revealed a porous surface of UAB. Batch adsorption methodology was applied to study the effect of pH, initial metal ion concentration, adsorbent dose, adsorbent particle size, ligands (citric acid and EDTA), contact time and temperature on the adsorption process. The isotherm data were analyzed using the Langmuir, Freundlich, Temkin and Scatchard isotherm. Scatchard plot analysis revealed the heterogeneous nature of UAB. Kinetic parameters were tested using the pseudo-first order, pseudo-second order, intraparticle and film diffusion models. The presence of film diffusion mechanism was found to play a major role in the adsorption process. Thermodynamic studies revealed an endothermic, spontaneous and physical adsorption process.
Introduction
The pollution of water with toxic substances is a major problem because it affects the environmental quality as well as plants, animals and human health. Heavy metals are one of the toxic substances and are hazardous even at very low concentrations . Heavy metals are harmful because they are non-biodegradable, bio-accumulate in the food chain and are persistent in nature (Ceribasis and Yetis, 2001) . Manganese for instance is toxic mainly because of its organoleptic properties (Taffarel and Rubio, 2009 ). Nickel which is used to produce ferrous steel cutlery and mainly obtained from Ni/Fe storage batteries is responsible for gastrointestinal irritation and lung cancer in humans when present above the threshold limit (Greenwood and Earnshaw, 1993) . As a result of the toxic effect of these heavy metals, the need for their removal from industrial wastewaters is very important. This led to the use of many techniques for their removal from wastewaters by many researchers such as solvent extraction, ion exchange, chemical precipitation, membrane separation, reverse osmosis, electrolysis and adsorption (Tewari et al., 2005) . These techniques are expensive, complicated; time consuming and sometimes ineffective in the lowering of concentration ranges (Schiewer and Patil, 2008) . The adsorption technique has been found to be superior to the other techniques for removal of heavy metals, in terms of cost, flexibility, simplicity of design, ease of operation, insensitivity to toxic pollutants and better removal efficiency (Amer et al., 2010; Mohan et al., 2008) . Also, it does not result in the formation of harmful substances like most of the other techniques. Activated carbon has been found to be the most effective adsorbent for the removal of metals from solution due to its high adsorption capacity. However, it is expensive and this limits its wide spread use in most industries and developing nations. As a result, many researchers have studied the use of several low-cost adsorbents for the removal of metal ions from solution, so as to minimize the problem of high cost involved in the use of activated carbon. Some of the low-cost adsorbents that have been utilized include agricultural waste and biomass materials, clays, zeolites, siliceous materials, fly ash and bentonite (Bhattacharyya et al., 2008; Dawodu et al., 2012a; Vaghetti et al., 2008) . This study is an extension in the same direction in utilizing a commonly available adsorbent, namely, bentonite for the removal of heavy metals from solution. Bentonite was chosen because it is present in an abundant amount in Afuze, Owan east local government area, Edo state, Nigeria and can be utilized as a cheap alternative adsorbent. Bentonite has also been reported to have a high adsorption capacity for heavy metals due to its high specific surface area, small particle size, high porosity and high cation exchange capacity (Doulia et al., 2009) . This paper reports the use of a natural Nigerian bentonite for the simultaneous adsorption of Ni(II) and Mn(II) ions from aqueous solution as a low cost adsorbent. The bentonite was used without chemical modification or treatment in order to keep the process cost low. The effect of pH, initial metal ion concentration, contact time, adsorbent dose, particle size, temperature and ligand were determined. Equilibrium, kinetic and thermodynamic parameters were also evaluated to help provide a comprehensive explanation of the sorption process.
Experimental

Preparation of adsorbent
The bentonite was obtained from Afuze, in Owan east local government area, Edo state, Nigeria. It was then dissolved in excess distilled water in a pretreated plastic container, stirred to ensure uniform dissolution and then sieved through a 500 mm mesh, in order to get rid of plant materials and unwanted particles. The suspension was allowed to settle for 24 h and then excess water was decanted. The bentonite residue was sundried for several days and then dried in an oven at 105 C for 4 h, to get rid of water present. The dried bentonite was then pulverized and passed through mesh sieves of sizes 100e500 mm, to obtain the unmodified Afuze bentonite (UAB). The prepared adsorbent was then preserved in an air-tight polythene bag until use.
Adsorbent characterization
The elemental composition of UAB was determined after digestion of the sample with nitric acid and by the use of the Atomic Absorption Spectrophotometer (AAS) (Buck scientific model 210VGP) as described (Papafilippaki et al., 2008) . Cation exchange capacity (CEC) of UAB was determined by the ammonium acetate method (Rhoades, 1982) . The pH point of zero charge (pHpzc) was carried out as described (Onyango et al., 2004) , while the slurry pH of UAB was obtained by soaking 1g of the adsorbent in 50 ml of distilled water, then stirred for 24 h and filtered, after which the final pH was determined by the use of a pH meter. A Fourier Transform Infrared (FTIR) spectrum of UAB was determined by the Fourier Transform Infrared spectrophotometer (Shimadzu FTIR 8400s). The BET surface area and pore property of UAB was determined via nitrogen adsorptionedesorption isotherms by the use of a micromeritics ASAP 2010 model analyzer. The Scanning Electron microscope (SEM) (Hitachi S4800 model) was used to access the morphology of the adsorbent. X-ray diffraction (XRD) analysis was determined using a model MD 10 Randicon diffractometer operating at 25kv and 20 mA. The scanning regions of the diffraction were 16e72 on the 2Ɵ angle.
Preparation of binary solution
All the reagents used in this study were of analytical grade obtained from Sigma Aldrich and were used without further purification. A binary stock solution containing 1000 mg/L of Ni(II) and Mn(II) ions was prepared by dissolving appropriate amounts of NiSO 4 $6H 2 O and MnSO 4 $H 2 O in 1 L double distilled water. The stock solution was used to prepare dilute solutions of different working concentrations (100e500 mg/L). The pH of the solution was altered to values ranging from 2.0 to 8.0 by the drop wise addition of 0.1M NaOH or 0.1M HCl when required.
Batch adsorption
The adsorption of Ni(II) and Mn(II) ions unto UAB was studied by the use of batch adsorption procedure. The effects of various operating parameters on adsorption were determined. Each experiment was performed in duplicate and the mean value was computed to ensure quality assurance. At the end of a given contact time for each experiment, the solution mixture was filtered using whatmann No.1 filter paper and the residual Ni(II) and Mn(II) ion concentration in the filtrate was determined using the AAS. The batch experiments were performed under optimum experimental condition as described:
The effect of pH was determined at pH values of 2e8 by adding 0.1 g of UAB to 50 ml of solution, at a solution concentration 100 mg/L, contact time 180 min, adsorbent particle size 100 mm and at room temperature of 300 K. Initial metal ion concentration effect was determined in the concentration range (100e500 mg/L) at pH 6.0. The effect of adsorbent dose was studied in the range 0.1e0.5 g, while the effect of particle size was studied by varying the particle size of UAB from 100 to 500 mm. Contact time was studied in the range 20e300 min, and temperature in the range of 300e323 K in a thermo-stated water bath for temperature regulation. Furthermore, the effect of two ligands, citric acid (CA) and EDTA on the simultaneous adsorption of both metal ions from solution unto UAB were also determined. The ligands were made to different concentrations of 100 mg/L of CA and EDTA (0.1-CA and 0.1-EDTA), 500 mg/L of both ligands (0.5-CA and 0.5-EDTA) and 1000 mg/l of both ligands (1.0-Ca and 1.0-EDTA), in solution containing 100 mg/L of both metal ions at a pH 6.0, contact time 180 min, particle size 100 mm and a temperature of 300 K. This was performed by adding 0.1 g of UAB to 50 ml of the solution containing the metal ion and a ligand.
The residual Ni(II) and Mn(II) ions obtained from the filtrate determined by the AAS were analyzed to evaluate the adsorption capacity (mg/g) of UAB and the percentage removal (E) using Equations (1) and (2) respectively:
where qe is the adsorption capacity of the adsorbent for metal ions (mg/g), Co is the initial metal ion concentration in solution (mg/L), Ce is the equilibrium concentration of metal ions (mg/L), V is the volume of solution used (L) and m is the dry weight (g) of the adsorbent used.
Desorption studies
In order to remove the bounded Ni(II) and Mn(II) ions adsorbed unto the adsorbents. Desorption experiment was performed using distilled water and HCl as stripping agent. The Ni(II) and Mn(II) loaded adsorbents were prepared. To study the effect of different concentrations of HCL on desorption, 0.1 g of dried metal loaded adsorbent was mixed with 50 ml of different concentration of HCl (0.05e1.0 M) and agitated for 1hr, then filtered and the concentration of eluted metal was determined in the filtrate by the AAS. The percentage desorption was calculated by the equation:
where C D (mg/L) is the concentration of metal ions in the desorbed solution, V D (L) is the volume of desorbed solution, m(g) is the mass of adsorbent used for desorption studies and qe (mg/g) is the adsorption capacity of the adsorbent for metal ions. The time needed to complete desorption was also estimated at different time intervals of (5e60 min) using 0.1M HCl. Three cycles of adsorption/desorption was performed to determine the reusability of the adsorbents. The adsorption and desorption experiments were performed under the same conditions as above. After each cycle the adsorbents were washed with de-ionized water and dried in the oven.
Results and discussion
3.1.
Characterization of adsorbent
The physicochemical characterization of UAB is presented in Table 1 . From the Table, it is observed that UAB is composed mainly of silica and alumina as the major constituents, while other elements are present in smaller amounts as impurities (Dawodu et al., 2012b) . The pH point of zero charge (pH pzc ) can be defined as the pH at which there is a net zero charge on the surface of the adsorbent. The functional groups on an adsorbent surface may acquire a negative or positive charge depending on the pH of the solution. There exist a relationship between the pHpzc and adsorption capacity of an adsorbent, which is that cations adsorption will be favorable at pH values higher than the pHpzc when the surface of the adsorbent is negatively charged, while anions adsorption will be favored at pH values lower than the pHpzc when the adsorbent surface is positive (Nomanbhay and Palanisamy, 2005) . The pHpzc of UAB as shown in Table 1 , is 2.8, this implies that the adsorbent is suitable for adsorption of metal ions even at low pH values (as low as pH 3.0). Also, UAB was found to have a high cation exchange capacity (CEC) of 146.13Meq/100 g, which is desirable for an effective adsorption. The adsorbent also recorded a BET surface area (S BET ) of 69.34 m 2 /g, a total pore volume (TPV) of 0.0824 cm 3 /g and an average pore diameter of 47.53 Å. When compared to the S BET values obtained for bentonites by other researchers, which include 34.1 m 2 /g reported by Guerra et al. (2013) , 20 m 2 /g and 56 m 2 /g obtained by Shu-li et al. (2009) and 31.5 m 2 /g reported by Xifang et al. (2007) , UAB was found to have a higher surface area which is desirable for efficient sorption. Some factors contribute to the variation in S BET values of different bentonite samples, which are the type and purity of the bentonite, the saturating cation, the out-gassing temperature and the method of preparation of the sample. The FTIR spectra of UAB before and after adsorption of Ni(II) and Mn(II) ions are illustrated in Fig. 1 . The spectra of UAB before adsorption of metal ions showed absorption bands at 3697.66 cm À1 and 3622.44 cm À1 which corresponds to the inner surface eOH stretching vibrations. The presence of the b e n i -s u e f u n i v e r s i t y j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 4 ( 2 0 1 5 ) 1 e1 3 outer surface eOH stretching was indicated by the bands at 3443.05 cm À1 and 3416.05 cm À1 . The band at 2360.95 cm À1 also corresponds to the eOH stretching vibration. Absorption at 1631.83 cm À1 indicates the eOH bending vibration of water and may also be due to the presence of the eCOO À symmetric stretching vibration (Li et al., 2011) . The occurrence of the outer eOH stretching and the symmetric eCOO À stretching vibration suggest the presence of smectite structure (Ekosse, 2005) . The SieO bending vibration was indicated by absorption bands at 1163.11e1008.8 cm À1 , while the SieO stretching vibrations were observed at 798.56e644.25 cm À1 . The presence of the AleO bending vibration was revealed by the band at 914.29 cm À1 , while absorptions at 538.16e432.07 cm À1 correspond to the AleOeSi skeletal vibrations (Njoya et al., 2006; Vempati et al., 1996) . After the adsorption of Ni(II) and Mn(II) ions from the binary solution by UAB, there were shifts in the frequency of absorption from 3443.05 cm À1 to 3446.91 cm À1 , 2360.95 cm À1 to 2347.45 cm À1 , 1631.83 cm À1 to 1629.9 cm -1 and the disappearance of the band at 3416.05 cm À1 which indicated the use of the negatively charged eOH group for binding of positively charged metal ions to the surface of UAB. The SieO group was also involved in the adsorption as can be observed by their shifts in absorption frequency from 1035.81 cm À1 to 1033.88 cm À1 , 696.33 cm À1 to 694.4 cm À1 , 779.27 cm À1 to 754.19 cm À1 and the disappearance of the bands at 1105.25 cm À1 and 644.25 cm À1 . Also, the shift in the frequency of absorption from 538.16 cm À1 to 540.09 cm À1 also indicates the involvement of the AleOeSi linkage in the adsorption process. In general, the shifts in these adsorption bands after sorption confirm the occurrence of the adsorption process.
The SEM image of UAB is shown in Fig. 2 , the morphology of the adsorbent revealed a porous structure with particle aggregation of various sizes, the presence of pores in the adsorbent is very important as this would influence greatly the uptake of the metal ions from the solution unto adsorbent.
Furthermore, the XRD spectrum of UAB ( Fig. 3 ) showed smectite-illite as principal clay minerals and quartz, feldspar and kaolinte as impurities or accessory materials. Similar composition has been reported by Guerra et al. (2013) on the characterization of Brazilian bentonite but with the exception of kaolinite impurity. b e n i -s u e f u n i v e r s i t y j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 4 ( 2 0 1 5 ) 1 e1 3
3.2.
Influence of pH
The initial pH of a solution may change the surface charge of an adsorbent, the degree of ionization of adsorbate in solution and the extent of dissociation of the functional groups on the adsorbent (Nandi et al., 2009) . Therefore it plays an important role in adsorption. The effect of pH on the simultaneous adsorption of Ni(II) and Mn(II) ions unto UAB is shown in Fig. 4 . An increase in the percentage removal of both metal ions with increase in pH was obtained. A significant adsorption of both metal ions was mainly achieved at pH values of 4 and above (pH values greater than the pH pzc of 2.8), this is due to the fact that the surface of the adsorbent became negative at these pH values, thereby favoring the adsorption of metal ions (Nomanbhay and Palanisamy, 2005) . The increased competition between the hydrogen ions H þ and the metal cations in solution at lower pH values for available active sites on UAB was responsible for the lower adsorption recorded at these values. This is because a large number of active sites on UAB will be positively charged at low pH. At higher pH values, the active sites becomes negative because fewer H þ ions are available in solution thereby reducing the competition between the protons and metal ions for the active sites of UAB, resulting in a higher percentage removal (Igberase et al., 2014) . As the solution pH increases further (pH > 6.0), the onset of metal hydrolysis and precipitation begins, due to the likelihood of precipitaton of the hydroxide forms of the adsorbate species . Therefore an optimum pH of 6.0 was chosen in this study, to investigate the effect of other operating parameters on adsorption, since optimum removal was achieved and metals precipitation was avoided at this pH.
Influence of metal ion concentration
The ability of UAB to remove Ni(II) and Mn(II) ions simultaneously from solution at different initial metal ion concentration was determined and presented in Fig. 5 . As observed a decrease in percentage removal of both metal ions with increase in initial metal ion concentration was achieved, until an equilibrium removal was obtained at higher concentrations of 400e500 mg/L. This could be explained that each adsorbent has a fixed number of active adsorption sites, which are available to adsorb more metal ions at lower concentrations, but as the concentration increases, the active sites becomes saturated leading to a reduction in the percentage removal. On the other hand, an increase in the uptake capacity for both metal ions with increase in initial metal ion concentration was obtained. This sorption characteristic indicated that surface saturation is a function of the initial metal ion concentration in solution. The reason for this trend is that, at lower concentrations, fewer metal ions are available in solution, therefore maximum binding of the metals on the active sites of UAB was not achieved, but as the concentration increases, the presence of a high concentration gradient generates a stronger driving force which overcomes resistances to mass transfer, in the process, making maximum use of the active sites resulting in higher adsorption per unit mass of UAB .
Effect of adsorbent dose
Adsorbent dose is known to have a great effect in adsorption studies. The amount of adsorbent available in solution determines the number of active binding sites available for metal ions (Zafar et al., 2007) . The effect of adsorbent dose on the adsorption of Ni (II) and Mn(II) ions from aqueous solution unto UAB is presented in Fig. 6 . An increase in percentage removal of both metal ions with increase in adsorbent dose was observed. This increase is attributed to an increase in the number of active sites available for metal ions to bind with increase in the dosage of UAB (Li et al., 2003) . Furthermore, a reverse trend was observed in which a decrease in the adsorption uptake capacity of both metal ions with increase in adsorbent concentration was obtained. This decrease may be due to the higher UAB dose, providing more active sites, which resulted in the adsorption sites remaining unsaturated during the adsorption process (Raji and Anirudhan, 1997) . This may also be due to decrease in the total surface area of the adsorbent and an increase in the diffusion path length caused by the aggregation of UAB particles (Unuabonah et al., 2008) . Therefore an adsorbent dose of 0.1 g was chosen in this study due to its higher adsorption capacity.
Equilibrium isotherm modeling
Equilibrium adsorption isotherms provide useful information for designing and optimizing operating procedure for adsorption systems. Adsorption isotherms can be used to relate the adsorbate concentration in the bulk and the adsorbed amount at the interface at equilibrium. In this regard, the Langmuir, Freundlich and Temkin isotherms were applied to the experimental data and their parameters are given in Table 2 . Firstly, the Langmuir isotherm has been used empirically because it provides information on uptake capabilities and is capable of reflecting the usual equilibrium sorption behavior. This isotherm assumes that the forces that are exerted by chemically unsaturated surface atoms (total number of active sites) do not extend further than the diameter of one sorbed molecule and therefore adsorption is restricted to a monolayer (Langmuir, 1918) . The Langmuir isotherm model can be expressed as:
The parameters q L (mg/g) and K L (L/mg) represents the monolayer adsorption capacity of UAB and the Langmuir affinity parameter respectively. The constants q L and K L were calculated from the slope and intercept of the linear plot of Ce/ qe versus Ce. From Table 2 , the low regression coefficient (r 2 ) for Ni(II) (0.885) and Mn(II) (0.689) showed that the Langmuir isotherm did not fit the equilibrium data properly for both metal ions. This might suggest that the surface of UAB is heterogeneous and not homogenous in nature. Furthermore, in order to investigate if the adsorption of both metal ions unto UAB is a favorable one, an important separation factor (R L ) of the Langmuir isotherm was applied as given:
If the value of R L is considerably less than 1.0 but greater than 0, then the adsorption is said to be favorable. On the other hand, it is unfavorable when R L is greater than 1.0. For different initial concentrations, Co values ranging from 100 to 500 mg/L used, the values of R L range from 0.22 to 0.58 for Ni(II) and 0.33 to 0.71 for Mn(II) ions, which indicated a favorable adsorption of both metal ions unto UAB.
The Freundlich isotherm is an empirical expression based on adsorption onto a heterogeneous adsorbent surface (more than one type of binding sites). The linear form of this isotherm can be represented as (Freundlich, 1906) :
where K F is the Freundlich constant related to the sorption capacity (mg/g) (mg/L) 1/n and n is a dimensionless constant related to the adsorption intensity of the adsorbent. Therefore, the plot of logqe versus logCe gives a straight line of slope 1/n and intercepts logK F . It is seen from Table 2 that the Freundlich isotherm provided a very good fit to the experimental data as the r 2 values of 0.987 for Ni(II) and 0.924 for Mn(II) are high. This may suggest that the adsorption of both metal ions unto the surface of UAB is heterogeneous in nature. The Freundlich constant K F indicates the sorption capacity of the sorbent and the value of K F was found to be 5.35 and 3.61 for Ni(II) and Mn(II) ions respectively. The slope 1/n of 0.57 and 0.56 for Ni(II) and Mn(II) ions respectively, ranging between 0 and 1, is a measure of the surface heterogeneity, becoming more heterogeneous as its value gets closer to zero (Hameed et al., 2007) . If the value of n lies between 1 and 10, then the adsorption is said to be favorable (Slejko, 1985) . The value of n obtained for both metal ions lie in this range indicating again a favorable adsorption unto the surface of UAB. The Temkin isotherm is based on the assumption that the free energy of adsorption is dependent on the surface coverage and takes into account the interactions between adsorbents and metal ions. The linear form of the Temkin isotherm model equation is expressed as (Tempkin and Pyzhev, 1940) :
A linear plot of qe versus lnCe enables the determination of the Temkin constants, A and B. Where A is the equilibrium binding constant corresponding to the maximum binding energy (L/mg), B ¼ RT/b, is related to the heat of adsorption, b is the Temkin isotherm constant, T is the absolute temperature (K) and R is the ideal gas constant (8.314 J/molK). From the linear regression shown in Table 2 , the r 2 values of 0.916 and 0.817 for Ni(II) and Mn(II) ions respectively, are lower than the Freundlich values. Therefore, the adsorption of both metal ions unto UAB does not follow the Temkin isotherm closely.
Furthermore, in order to obtain more comprehensive information about the nature of the binding sites on the adsorbent and to analyze the results of the equilibrium isotherm, the scatchard plot analysis also called independent site oriented model was applied to the experimental data. The scatchard equation is given as (Anirudhan and Suchithra, 2010) :
The constants qm (mg/g) and b (L/mg) are the scatchard isotherm parameters. The shape of the scatchard plot provides useful information about the interactions between metal ions and the adsorbent. If a straight line is obtained from the plot of qe/Ce versus qe, then the adsorbent presents only one type of binding site, but if a deviation from linearity was obtained, it implies that the surface of the adsorbent presents more than one type of binding sites (heterogeneous in nature) (Anirudhan and Suchithra, 2010) . The r 2 values of 0.775 for Ni(II) and 0.470 for Mn(II) ions (Table 2) showed a great deviation from linearity. This implies that the surface of UAB is heterogeneous and this clarifies the reason why the Freundlich model (heterogeneous adsorption) gave the best fit to the equilibrium data than the Langmuir and Temkins isotherms.
3.6.
Effect of particle size
The particle size of an adsorbent can also have a significant effect on the adsorption potential of the adsorbent, so b e n i -s u e f u n i v e r s i t y j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 4 ( 2 0 1 5 ) 1 e1 3 characterization of its effect is important for a comprehensive adsorption study. Fig. 7 shows the effect of varying UAB particle size from 100 to 500 mm on the percentage removal of Ni(II) and Mn(II) ions from solution. As observed, a decrease in the percentage removal of both metal ions with increase in particle size was recorded. This indicated that the adsorption of metal ions is dependent on the particle size of UAB. This decrease may be attributed to a decrease in the total surface area of UAB with increase in particle size. At smaller particle sizes, the higher surface area of UAB allows for easy diffusion of metal ions unto the active sites of the adsorbent (Karthikeyan et al., 2004) . Similar trend have also been reported by some workers (Karthikeyan et al., 2004; Quek et al., 1998) .
Influence of contact time
Time dependent study was performed because adsorption rate is one of the influential factors that must be taken into consideration before the design of an adsorption system. The profile of time dependent study on the simultaneous adsorption of Ni(II) and Mn(II) ions unto UAB is shown in Fig. 8 . The result showed that for Ni(II) ions, the removal rate was rapid within the first 100 min after which it increased slightly attaining equilibrium around 120 min with 71.2% of Ni(II) ion removed. The adsorption rate was constant with further increase in contact time from 140 to 180 min (72.7% removal) but further increase in contact time up to 300 min led to a slight decrease in percentage removal (69.5%). Similarly, for Mn(II) ions, a rapid adsorption rate was achieved within 140 mins after which equilibrium was achieved at 160e180 min (61.4% removal) and further increase in contact time up to 300 min, recorded a slight decrease in percentage removal (from 61.4 to 57.3%). An equilibrium time of 180 min was utilized in this study to ensure optimum removal of both metal ions was achieved. Also, the slight decrease in the percentage removal of both metal ions at 300 min, may be due to adsorption and desorption taking place simultaneously on the adsorbent surface. The rapid percentage removal obtained initially for both metal ions is due to the presence of abundant active sites on the surface of UAB which were later occupied as time progresses, thereby resulting in the inability of UAB to remove the metal ions at the later stages of the adsorption process (Vimala and Das, 2009 ). Furthermore, Ni(II) ions were adsorbed at a faster rate with higher percentage removal than Mn(II) ions. This may be explained by considering the ionic radii of the two ions, Ni(II) (0.69 Å) and Mn(II) (0.80 Å), during sorption of metal ions, the ions of smaller ionic radii tend to move faster to potential adsorption sites (Abia and Asuquo, 2006) . As a result, it is possible that Ni(II) ions diffuse faster through the pores of UAB and are easily adsorbed than the larger Mn(II) ions, which accounted for the faster rate and higher percentage removal of Ni(II) when compared to Mn(II) ions.
Adsorption kinetics
Adsorption kinetics governs the rate of reaction, which determines the residence time and is one of the important characteristics defining the efficiency of an adsorbent. The kinetics of metal sorption can be controlled by several independent processes which could act in series or in parallel, such as bulk diffusion, film diffusion, chemisorptions and intraparticle diffusion. In the quest to investigate the mechanism of adsorption of Ni(II) and Mn(II) ions unto UAB and the potential rate controlling steps. The pseudo first order, pseudo second order, intraparticle and liquid film diffusion kinetic models were applied to the experimental data and their kinetic parameters are presented in Table 3 . The lagergren pseudo first order model considers that the rate of occupation of adsorption sites is proportional to the number of the unoccupied sites and the linear form of this model equation is given as (Lagergren, 1898) :
where K I is the lagergren rate constant of adsorption (min À1 ), qe and qt are the amounts of metal ions adsorbed (mg/g) at equilibrium and time t respectively. The slope and intercept of the plots of log(qe e qt) versus t were used to determine the Fig. 7 e Effect of adsorbent particle size on the adsorption of Ni(II) and Mn(II) ions unto UAB. b e n i -s u e f u n i v e r s i t y j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 4 ( 2 0 1 5 ) 1 e1 3 pseudo first order rate constant K I and the equilibrium adsorption capacity qe for both metal ions.
The pseudo second order model is based on the assumption that adsorption follows a second order mechanism. So the rate of occupation of adsorption sites is proportional to the square of the number of unoccupied sites (Zafar et al., 2007) . The linear form of the pseudo second order equation is expressed as:
where K 2 (g/mgmin) is the equilibrium constant of pseudo second order adsorption. The initial sorption rate (h) can be calculated from the equation:
The applicability of the pseudo second order model was tested by a linear plot of t/qt versus t with a slope of 1/qe, the value of K 2 was calculated from the intercept of the plot.
The diffusion mechanism was determined by the intraparticle diffusion model (Weber and Morris, 1963) . This is due to the fact that metal ions are transported from the aqueous phase to the surface of the adsorbent and subsequently they can diffuse into the interior of the particles if they are porous. The intraparticle diffusion equation is given as (Weber and Morris, 1963) :
where C is the intercept and K d (mg/gmin 1/2 ) is the intraparticle diffusion rate constant. Intraparticle diffusion is the sole rate determining step if the plot of qt versus t 1/2 is linear and passes through the origin (C ¼ 0). Values of qt and C were obtained from the slope and intercept of the plot and are shown in Table 3 . When the transport of the adsorbate from the liquid phase up to the solid phase boundary plays the most significant role in adsorption, the liquid film diffusion model can be applied (Taffarel and Rubio, 2009) :
where F is the fractional attainment of equilibrium (F ¼ qt/qe) and K fd is the adsorption rate constant (mg/gmin). A linear plot of eln(1 e F) versus t with zero intercept would suggest that the kinetics of adsorption is controlled by diffusion through the liquid film surrounding the solid adsorbent. The constant K fd was obtained from the slope of the plot. A comparison of the correlation coefficient results (Table  3) , showed that both the pseudo-first order and pseudo second order models gave good fits to the experimental data for both metal ions. However, the r 2 values presented by the Pseudo first order model were better than that of the Pseudosecond order model, which indicates greater conformity of the adsorption process to the former. However, the calculated qe values (qe cal ) obtained from both models showed a great discrepancy with the experimental qe value (qe exp ) for the sorption of Ni (II) ions. It has been reported that despite the good fit of the pseudo-first order model, the deviations of the experimental and calculated qe is as a result of the time lag, due to boundary layer or external resistance control at the beginning of the sorption process (Gautam et al., 2014) . However, the qe cal of the pseudo-first order model for adsorption of Mn (II) ion was closer to the qe exp than that presented by the pseudo-second order model. Also, when investigating the diffusion mechanism, the r 2 values obtained from the intraparticle diffusion model showed a good correlation for Mn(II) ions (0.965) but not for Ni(II) ions (0.889). This indicated the presence of intraparticle diffusion mechanism on the sorption of Mn(II) ions unto UAB, although it was not the sole rate determining step due to the occurrence of the intercept. The intercept of the plot reflects the boundary layer effect; the larger the intercept the greater is the contribution of the surface sorption in the rate determining step. The value of the intercept (4.606) indicated the existence of some surface phenomenon which indicates further that intraparticle diffusion is not the sole rate determining step in the adsorption of Mn(II) ions unto UAB.
However, the good and better r 2 values obtained in the liquid film diffusion model for both metal ions showed the existence of film diffusion mechanism in the adsorption of Ni(II) and Mn(II) ions unto UAB. This implies that the adsorption process is largely controlled by the film diffusion mechanism although not solely since the plots did not pass through the origin (r 2 values are not equal to 1). The conformity of the adsorption to the film diffusion mechanism suggests the process is most likely a physical adsorption one. This may be one of the reasons the kinetic data did not provide the best fit with the pseudo second order model, as the pseudo second order model depicts a chemisorptions mechanism. A physical adsorption mechanism is usually desired in adsorption as it implies a lower energy barrier for the metal ions to overcome for their adsorption and also promotes easy desorption of the metal ions from the adsorbent when required .
Effect of ligands
The essence of most adsorption studies is for treatment of industrial wastewaters, in order to get rid of toxic substances such as heavy metals that can be detrimental to human b e n i -s u e f u n i v e r s i t y j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 4 ( 2 0 1 5 ) 1 e1 3 health, plants and aquatic life. Most of the effluents from industries usually contain organic substance beyond heavy metals. It is therefore important to understand the behavior of the heavy metals in the presence of organic ligands towards their adsorption onto UAB. The batch adsorption technique was also applied to the simultaneous adsorption of Ni(II) and Mn(II) ions in the presence of ligands, such as citric acid (CA) and EDTA, having low and high complexation constants respectively. The concentrations of the ligands were varied in order to understand the effect of ligand concentration on the adsorption of the metal ions. The result illustrating the percentage removal of both metal ions is shown in Fig. 9 . It was observed that the presence of CA and EDTA resulted in a decrease in the percentage removal of both metal ions compared to the condition when they were absent (WTL). Also, as the concentration of CA and EDTA increased from 100 to 1000 mg/L, a decrease in the percentage removal of both metal ions was obtained. This may be as a result of the formation of metal-ligand complexes at higher concentrations, which resulted in a more difficult diffusion of the complexes unto the surface and interlayer's of UAB due to larger sizes. Furthermore, it was observed that the presence of EDTA hindered the adsorption of both metal ions compared to CA, this is probably due to the larger sizes of the complexes formed by EDTA due to a high complexation constant of the ligand than that formed by CA (Abollino et al., 2003) . Another very important observation is the fact that Mn(II) ions had a higher percentage removal in the presence of both ligands and at all concentrations than Ni(II) ions. A good explanation to the fact is that although Ni(II) ions have smaller ionic radii than Mn(II) ions, Ni(II) ions have larger complexation constants in the presence of both ligands than Mn(II) ions (Sillen and Martell, 1979; Smith and Martell, 1989) . Thus Ni(II) forms larger complexes with EDTA and CA which hinders their introduction in the interlayer of UAB. We obtained a similar result in another of our study using kaolinite clay as adsorbent .
Thermodynamics of sorption
The influence of temperature of solution on the percentage removal of Ni(II) and Mn(II) ions from solution unto UAB is presented in Fig. 10 . A slight increase in the percentage removal of both metal ions with temperature increase was obtained. This indicates that the adsorption process is an endothermic one. As temperature increases, the metal ions acquire more energy to overcome the energy barrier between the metals and UAB, simultaneously creating more additional adsorption sites on the adsorbent surface due to dissociation of some of the surface components on UAB (Bhattacharyya and Gupta, 2006) . Thermodynamic parameters such as changes in Gibbs free energy (DG 0 ), changes in enthalpy (DH 0 ) and change in entropy (DS 0 ) for the adsorption process were calculated using the following equations (Bhattacharyya and Gupta, 2006) :
where T is the temperature (K), R is the ideal gas constant (8.314 J/molK), Kc is the thermodynamic equilibrium constant, Ca (mg/L) is the concentration of metal ion adsorbed and Ce (mg/L) is the equilibrium concentration of metal ion in solution. The values of DH 0 and DS 0 were calculated from the slope and intercept of the linear plot of lnKc versus 1/T (Fig. 11) . The calculated thermodynamic parameters are presented in Table  4 . The positive values of DH 0 suggested that the adsorption of both metal ions is endothermic, which is supported by the increase adsorption of both metal ions with rise in temperature. The positive values of DS 0 also indicated an increase in randomness at the solidesolution interface during the fixation of the adsorbate on the active site of the adsorbent. The values of DS 0 also reveal whether the adsorption process involves an associative or dissociative mechanism. If the value change is larger than À10 J/molK, it implies a dissociative Fig. 9 e Effect of ligands on the adsorption of Ni(II) and Mn(II) ions from solution unto UAB. Fig. 10 e Effect of solution temperature on the percentage removal of Ni(II) and Mn(II) ions from solution unto UAB.
mechanism (Unuabonah et al., 2008) . The values of DS 0 obtained for both metal ions are 68.87 and 57.57 J/molK for Ni(II) and Mn(II) respectively, this reveals a dissociative mechanism. A spontaneous adsorption process was indicated by the negative values of DG 0 obtained at all temperatures for both metal ions. Furthermore, the heat evolved (DH 0 ) during physical adsorption is in the range 2.1e20.9 kJ/mol, while that of chemisorptions generally falls in the range 80e200 kJ/mol . From Table 4 , the values of DH 0 for Ni(II) and Mn(II) are 18.29 kJ/mol and 16.13 kJ/mol respectively, which reveals that the simultaneous adsorption of both metal ions unto UAB is a physical adsorption one. This corroborates our result obtained in the kinetic analysis where a physical adsorption mechanism was suggested.
Desorption and adsorbent recycling
For efficient adsorbent recycling and safe post treatment of metal loaded adsorbents, it is very important to remove and recover metals from the metal loaded adsorbents. The reuse of adsorbents helps minimize the cost of the entire process.
An effective adsorbent must not only have a high adsorption capacity but also a good desorption potential and recycling ability. The desorption of Ni(II) and Mn(II) ions using distilled water (DW) and different concentration of HCL is shown in Fig. 12 . As observed, optimum desorption of both metal ions was obtained at a HCl concentration of 0.1 M. This concentration of HCl was then used as the stripping agent for the desorption experiment. This result is important because it will help to establish the appropriate concentration of desorbing agent to be utilized during desorption of metal ions from metal loaded UAB. Also, the fact that up to 30.1% of Ni(II) and 32.6% of Mn(II) ions were desorbed by the use of DW only showed that physical adsorption must have played a major role in the adsorption process (Meitei and Prasad, 2013) . Furthermore, the time needed to complete desorption was also estimated at time intervals of 1e60 min using 0.1M HCl as desorbing agent. This was done in order to ascertain the rate of desorption of the metal ions from UAB. As shown in Fig 12, it is observed that desorption of both metal ions was very rapid, up to 90% of the maximum elution of the metal ions occurred within 5 min after which it increased slightly until an optimum desorption was achieved around 20 min. The rapid desorption kinetics elucidates the applicability of the desorption process (Nessim et al., 2011) .
In determining the reusability of UAB for metals adsorption, three cycles of adsorption desorption studies was performed as shown in Fig. 12 . The results showed that the adsorption of both metals after the first cycle were the same as the initial adsorption. The ability of UAB to retain its initial adsorption despite possibility of weight loss might be due to the acid treatment of the desorbing agent (0.1M HCl) during desorption of the metal ions causing the opening of the pore spaces of the adsorbent (Igberase et al., 2014) . However, the percentage removal decreased from 72.3 to 60.4% and 60.3 to 50.6% for Ni(II) and Mn(II) ions respectively from the 1st to the 3rd cycle of adsorption. The diminishing adsorption of metals over the cycles may be due to the destructive effect of the desorbing agent (with continuous use) and the weight loss of UAB during desorption (Nessim et al., 2011) . But in general, these observations still prove that UAB could be recovered and reused for metal adsorption using 0.1M HCl as desorbing agent. The eluted metal ions in the desorbing solution are present in appreciable concentrations and can easily be recovered using chemical reduction techniques (Chen and Lim, 2005) .
Conclusions
This study evaluated the use of a readily available Nigerian bentonite, (UAB) as a low-cost adsorbent for the removal of Ni(II) and Mn(II) ions from solution. UAB presented a high surface area when compared to other bentonites reported by researchers. The chemical characterization and FTIR studies revealed the presence of silanol and aluminol groups on the surface of UAB responsible for the sorption of metal ions. UAB recorded a high adsorption potential for Ni(II) than Mn(II) possibly due to the smaller ionic radii of Ni(II) compared to that of Mn(II) ions. The adsorption of both metal ions were found to be dependent on the operating parameters such as pH, initial metal ion concentration, contact time, particle size, adsorbent dose, ligands (CA and EDTA) and temperature. The scatchard plot analysis revealed the heterogeneous nature of UAB confirmed by the Freundlich isotherm which provided the best fit to the experimental data. Thermodynamic studies revealed a spontaneous, endothermic and physical adsorption process. Desorption of both metal ions from UAB also revealed a high desorption potential (over 90% of both metals were desorbed) using 0.1M HCL as desorbing agent. The high adsorption capacity of both metal ions obtained from the Langmuir equation, 200 mg/g for Ni(II) and 166.7 mg/g for Mn(II) and also the favorable adsorption indicated by the Langmuir parameter R L and Freundlich constant n, revealed the potential of UAB as a low cost adsorbent for Ni(II) and Mn(II) ions from aqueous stream.
